SUMMARY To determine the sensitivity of several isovolumic and, ejection phase indices of myocardial contractility to loading, inotropic stimulation and heart rate-in man, 14 patients (pts) were studied during cardiac catheterization with simultaneous recordings of left ventricular (LV) pressures and' ultrasound' dimensions. Measurements were made of instantaneous and mean circumferential fiber shortening velocity (VCF), maximal' (max) rate of LV pressure rise (dP/dt), dP/dt divided by end-diastolic circumference [(dP/dt)/Cl, (dP/dt)/C divi'ded by aortic valve opening pressure [(dP/dt)/CP], peak contractile element velocity (VCE) using total LV pressure, VCE extrapolated to zero total pressure (Vmax) VCE at a developed pressure of 10 mm Hg (VCEDPIo) and dP/dt at a common isovolumic developed pressure of 401 mm Hg [(dP/dt)/DP40o. Results are expressed in per cent change ofthe mean for the group. Acute preload increase (8.6% increase in end-diastolic circumference) with volume expansion at constant heart rate in 7 pts produced insignificant changes in VCF, an 8.3% increase in-max dP/dt, no change in (dP/dt)/C, a variable response in (dP/dt)/CP, 18% reduction in THE ANALYSIS OF MYOCARDIAL PERFORM-ANCE in terms of force-velocity-length relations led to the development of several isovolumic and ejection phase indices of myocardial contractility. The sensitivity of these indices to acute changes in preload, afterload, and contractile state have been evaluated in isolated muscle preparations and in the intact animal heart, but data in humans are very limited.' The time course of left ventricular (LV) circumferential waIl stress and fiber shortening velocity (VCF) was recently determined in this laboratory by simultaneous recordings of LV pressure (micromanometer) with echocardiographic LV dimensions."0 Using this methodology, the effects of acute changes in preload, afterload, and contractility on VCF were evaluated in patients with varying hemodynamic states. VCF was found to be relatively insensitive to changes in preload, inversely related to acute changes in afterload, and directly sensitive to inotropic stimulation. The purpose of the present study was to compare a variety of isovolumic indices to VCF in man as regards their responses to acutely altered loading conditions, changes in contractility, and variation in heart rate. 
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38% decrease in VCF, a 2.5% increase-in max dPldt, no significant change in-(dP/dt)/C, a 26% reduction-in (dP/dt)/CP, variable responses in peak VCE and Vmax, an 11% increase in VCEDPIO andminor changes in (dP/dt)/DYP4 . All of the contractility, indices were, augmented significantly by isoproterenol and atrial pacing.
In a given patient, max dP/dt appears to be useful in the-assessment of acute changes in inotropic state sinc.e the-magnitude of its response to abrupt changes in preloa. is smialliandto aafterload-insignificant. Normalizing-max dP/dt, for end-diastolic-circumference. assures better stability during loading with good sensitivity toinotropie stimulation. VCF may: be used: whenever changes in afterload areminimal. The isovolumic-measurements of VCE (regardless of whether total or developed pressure is used) lack sufficient stability during acute changes in loading conditions to warrant their use in the-quantitative assessment of acute changes in-inotropic state.
Methods
Fourteen patients were studied durin-g diagnostic-rightand left heart catheterization in-the postabsorptive statefollowing, premedicatior with 1-0 mg, of intramuscular diazepam. Informed conent was obtained-from each patient. The hemodynamic diagnoses: are-listed in table- 1. All except two patienots (#10 and' #11) had-normalangiographic measurements o-f systolic ejection fraction a-nd mean VCF performed using previously described methods," and all patients had normal coronary arteries. Echogra pressure and its first derivative (dP/dt) were recorded at a paper speed of 200 mm/sec.
Measurements and Calculations
The LV internal diameter (D) was measured in cm from the posterior wall endocardium to the interventricular septum ( fig. 1 ). Measurements of D and of LV pressure were obtained every 20 msec from the time of the LV enddiastolic pressure (EDP) to end systole (time when the LV pressure descent crosses the level of the incisura in the central aortic pressure) utilizing an X-Y digitizer and programmed calculator.* Posterior wall thickness (h) at end diastole and at end systole was measured as the distance from pericardial to endocardial echoes; intermediate points between end diastole and end systole were calculated every 20 msec assuming a linear change in h from end diastole to end systole. The time course of endocardial VCF was determined as:
VCF (circ/sec) = (DI -D2)/(t X DI) (1) where D 1 and D2 represent sequential measurements of D and t = the time between the two measurements (20 msec Abbreviations: BSA = body surface area; F = female; M = male; HR -heart rate; LV -left ventricular pressure; Max dP/dt -maximum rate of isovolumic pressure rise; Cd = end-diastolic circumference; C = control; AL afterload; ISO = isoproterenol; AP = atrial pacing; AS = aortic stenosis (peak gradient < 20 mm Hg); Cong. card. = congestive cardiomyopathy; AI = aortic insufficiency; MR = mitral regurgitation; SEM = standard error of the mean.
companied by a 0 to 5% increase in max dP/dt (2.5% mean, P < 0.05), by insignificant changes in (dP/dt)/C (from 102 ± 11 to 100 ± 11 mm Hg/sec/cm) and by a 26% reduction in (dP/dt)/CP (P < 0.01). Isoproterenol and atrial pacing produced significant (P < 0.01) increases in max dP/dt (101% and 25%, respectively), (dP/dt)/C (128% and 39%, respectively) and (dP/dt)/CP (156% and 34%, respectively). Figure 5 shows an example of the LV pressure and dP/dt response to loading in patient 2. In the control state, max dP/dt occurred about 10 msec prior to aortic valve opening pressure. An interval between max dP/dt and aortic valve opening pressure ranging from 8 to 15 msec was observed at rest in all 14 patients. During the angiotensin-induced hypertension, max dP/dt occurred as early as 20 msec prior to aortic valve opening pressure. The magnitude of max dP/dt was not altered by increasing afterload; in contrast an 8.6% increase in max dP/dt was observed during Dextran infusion (preload). Figure 6 is taken from patient 15 to whom an amyl nitrite inhalation was given in order to acutely reduce afterload; heart rate was kept constant by atrial pacing. In contrast to control, during the amyl nitrite-induced hypotension max dP/dt occurred at the time of aortic valve opening and it was of lesser magnitude (1080 mm Hg/sec) than control (1350 mm Hg/sec). (dP/dt)/C also fell during amyl nitrite (95.5 to 76.4 mm Hg/sec/cm) while (dP/dt)/CP rose (1.22 to 1.86 sec-'cm-'). Stress VCF plots during control and amyl nitrite are also shown in figure 6 . The increase in VCF produced by reducing afterload is readily apparent. Figure 7 shows the responses of Vm5, and peak VCE (total pressure) to loading and contractility. Increasing preload produced a 7 to 32% reduction in Vmax (15.8% mean, P < 0.01) and an 11 to 38% reduction in peak VCE (17.6% mean, P < 0.01). The response of these two indices to afterload was variable; decreases were observed predominantly in those cases in which afterloading was accompanied HR 1beats min FIGURE 3 Response ofcircumferentialfiber shortening velocity (VCF) to acute increases in preload (PL), afterload (AL), and contractility. VCF changed minimally with preload, was affected inversely by afterload and responded directly to isoproterenol (ISO) and to increasing heart rate (HR) with atrial pacing. Max = maximal, C = control.
VCE
by secondary increases in LV filling pressures. Both indices were augmented significantly (P < 0.01) by isoproterenol (88% and 75% increase in Vmax and peak VCE, respectively), and by atrial pacing (41% and 50% increase in Vmax and peak VCE, respectively). The data for VCE using developed pressure are illustrated in figure 8 . VCE at a developed pressure of 10 mm Hg (VCEDP,O) was augmented significantly (P < 0.01) by increasing preload (14.4% mean) as well as by afterloading (11.3% mean). dP/dt divided by a common isovolumic developed pressure of 40 mm Hg [(dP/dt)/DP40] also increased significantly (P < 0.02) during preloading (10% mean), but remained statistically unchanged during increasing afterload (32.5 ± 2.1 to 33.4 ± 2.5 sec-'). Both indices were augmented significantly (P < 0.01) by isoproterenol (67% and 64% for VCEDPIo and [dP/dt]/DP4,, respectively) and by atrial pacing (21 Vand 22% for VcEDPlo and [dP/dt]/DP40, respectively). An example of the effect of preload on the pressure-VCE curve using total as well as developed LV pressure is shown in figure 2 .
Discussion
The systolic ejection fraction and circumferential fiber shortening velocity (VcF) are two commonly used indices of LV function. We have previously shown that ejection fraction varies directly with preloading and inversely with afterloading, while VCF remains stable during changes in preload but responds inversely to afterload. Both indices are sensitive to inotropic stimulation with isoproterenol and digitalis."0 In addition to these findings, the present study shows that VCF is also sensitive to heart rate augmentation by atrial pacing. This may be interpreted as indicating that the Treppe effect operates in man and that VCF is capable of detecting it. However, since atrial pacing led to a reduction in afterload (peak stress fell from 291 to 189 gm/cm2), which will contribute to improving VCF, the magnitude of the Treppe effect, if any, is not well defined by VCF. The isovolumic indices may be helpful in resolving this question (see below).
The maximum rate of isovolumic pressure rise (max dP/dt) was proposed as an early isovolumic index of myocardial contractility.5' 1 "1 Studies in the opened chest dog have shown that dP/dt is sensitive to changes in preload.5 I Our data indicate definite, but quantitatively small (8.3%), increases in max dP/dt induced by preloading, the percent change in dP/dt being similar to the percent increase in end-diastolic circumference (8.6%). Thus, dP/dt normalized for end-diastolic circumference remained stable during the augmented preload. Studies in closed chest dogs (anesthetized as well as conscious preparations) have also indicated that the changes in max dP/dt induced by altering preload are smaller than those observed in the opened chest experiments.8' 16, 17 As shown in figure 6 , max dP/dt did not occur at the time of aortic valve opening but slightly before (10 msec). Increasing blood pressure with angiotensin prolonged the interval between max dP/dt and aortic valve opening without altering the magnitude of max dP/dt. In contrast, rapid blood pressure reduction with amyl nitrite led to a fall in max dP/dt (as well as in [dP/dt]/C) which did occur at the time of aortic valve opening. These results indicate that aortic valve opening pressure does not usually affect max dP/dt unless it is low enough to limit its full development. Similar conclusions can be derived from previous animal work. ' (control) and during acute afterload reduction with amyl nitrite inhalation (constant heart rate). In contrast to control, max dP/dt during the acute hypotension occurs at the time ofaortic valve opening and it is ofa lesser magnitude than con- corrected for end-diastolic circumference [(dP/dt)/C] remained essentially unchanged during afterloading (except during the amyl nitrite-induced reduction in aortic valve opening pressure). Both max dP/dt as well as (dP/dt)/C were significantly augmented by isoproterenol and by atrial pacing (confirming the positive inotropic influence of heart rate in man, as suggested by VCF above). Thus, max (dP/dt)/C seems to be an index of myocardial contractility which remains stable during acute changes in loading and responds sensitively to inotropic stimulation.
Knowledge of myocardial mechanics provides some physiologic rationale for the use of max dP/dt normalized for end-diastolic circumference. During the isovolumic phase of contraction (isometric in isolated muscle preparations), the activated contractile element (CE) shortens and stretches a series elastic element (SE). The rate of force development during this contraction (dF/dt) is dependent on both the shortening velocity (dL/dt) of the CE (which is equal to the lengthening velocity of the SE) and the instantaneous stress-strain relation of the SE. Thus: dF/dt = (dL/dt)SE X (dF/dL)sE.20 At a given afterload both dL/dt and dF/dt are increased by increasing resting muscle fiber length or by augmenting contractility.2" In the intact heart dP/dt may be substituted for dF/dt since changes in wall thickness and radius during isovolumic systole are minor.' Experiments in isolated cardiac muscle have demonstrated that the stress-strain curve of the SE is exponential; therefore dF/dL is a linear function of the developed stress."0' 21 If at the time of max dP/dt developed stress is similar (or has not changed drastically) during different levels of preload in the same heart, the changes induced by preload on max dP/dt should primarily reflect changes in CE velocity (dL/dt). Such was the case in our group of patients studied with volume expansion. Developed stress at the time of max dP/dt (calculated as wall stress at the time of max dP/dt minus end-diastolic stress) increased only by 1.8% (179.6 ± 17.2 to 182.9 ± 14.6 gm/cm', NS). Therefore, since acute changes in max dP/dt parallel changes in dL/dt, normalizing dP/dt for end-diastolic circumference should be a form of normalizing dL/dt for initial fiber length (i.e., dL/Ldt). Such a normalized velocity would be expected to maintain stability during acute changes in preload, as observed in this study.
In the intact heart, measurements of contractile element velocity (VCE) have been attempted using the ratio of dP/dt to KP where P = intracavitary pressure and K = a normalized modulus of series elasticity, assumed to be similar in all types of hearts.' Because of controversy regarding the use of total versus developed LV pressure in these calculations (a controversy based on different models of CE in alignment with SE and parallel elastic, as well as in experimental observations of responses to loading),6' 7" '-we decided to evaluate the commonly used measurements of VCE, applying both measurements of pressures. Peak VCE and extrapolated Vmax, calculated using total pressure, were both found to vary inversely with preloading (16% and 18% reduction, respectively). The responses to changes in afterload were more variable; inverse changes were observed predominantly in the cases with afterload-induced elevations in LV filling pressures. Opposite results were observed when developed pressure was utilized. Thus, VCE at a developed pressure of 10 mm Hg (VCEDPlo) and dP/dt divided by a common isovolumic developed pressure of 40 mm Hg [(dP/dt)/DP,.] were both augmented significantly (14% and 10%, respectively) by preloading. Increasing afterload produced also an increase in VCEDP,O(1 1%) but no signifi- Received May 12, 1975 ; revision accepted for publication September 5, 1975. coronary occlusions longer than two minutes most dogs exhibited arousal and further tachycardia; this reaction was prevented by morphine. During two minute occlusions morphine also decreased the heart rate increase by 37%, and marginal segment shortening was improved by 40%. Prior administration of propranolol also decreased heart rate during coronary occlusion and produced similar improvement in marginal segment function; however, in contrast to morphine, there was depression of contraction in the control segments. Nitroglycerin given during coronary occlusion caused decreases in end-diastolic length of all segments and increased shortening in the marginal segment by 28%. Lidocaine administered during coronary occlusion produced a mild depression of myocardial function in all regions of the heart.
animal. Our primary purposes were to define acute hemodynamic changes in relation to the dynamic alterations in function of the normal myocardium and the marginal and central ischemic zones, as well as the reproducibility of these responses with a second coronary occlusion. In addition, the studies were designed to study the responses to several therapeutic agents commonly used in the management of myocardial ischemia (nitroglycerin, propranolol) and acute myocardial infarction (morphine, lidocaine), with a particular view to assessing differences in the responses of normal and ischemic regions of the left ventricle to these drugs. Methods Dogs were prepared for study at surgery under general anesthesia. Following left thoracotomy and pericardiotomy, a high fidelity pressure micromanometer (Konigsberg, P-22) and a silastic fluid-filled catheter of 0.5 mm inner diameter were inserted into the left ventricular chamber through the ventricular apex and secured in position with intramyocardial sutures. The circumflex coronary artery was dissected free near its origin and a hydraulic cuff placed around it. Three pairs of small ultrasonic crystals were then implanted in the left ventricular wall in a circumferential plane close to the endocardium and as near the left ventricular CIRCULATION
